to some previously published maps, since a much higher number of genetic markers is used. Therefore, we conclude that our map is the most accurate resource for obtaining genetic map information for the PARs.
Introduction
Human sex chromosomes, X and Y, are morphologically and genetically different. During male meiosis pairing and crossover take place in two small regions on both the short and the long arm adjacent to the telomeres, the pseudoautosomal regions (PAR1 and PAR2) [1, 2] . Their physical lengths are ϳ 2.7 Mb for PAR1 and ϳ 0.33 Mb for PAR2. The pseudoautosomal boundaries (PAB1, PAB2) separate highly recombinant regions from non-recombinant regions on the Y and a moderately recombining region on the X chromosome. For more detailed information about the human PARs we refer to the recent review by Flaquer et al. [3] .
To date, 24 genes have been reported in the PAR1 and 5 genes in the PAR2 [4] . The only known disease gene within the PARs is the Short Stature Homeobox (SHOX) gene, functional loss of which is causally related to various short stature conditions and disturbed bone develop-ment, recently reviewed by Blaschke et al. [5] . However, the PARs are largely ignored in systematic genome-wide linkage and association analysis.
Accurate and comprehensive genetic maps are crucial for the success of several types of genetic studies such as linkage analysis, positional cloning projects and even for some aspects of genome-wide association analysis [6] [7] [8] . The order and physical location of the majority of genetic markers can be determined from the assembled sequence of the human genome. However, unless a given group of markers are all present on a single genetic map, specification of recombination-based genetic map distances for any large set of markers remains difficult. In theory, physical map distances can be used to interpolate and estimate genetic maps distances. However, the intense variability in the distribution of recombination rates in the genome needs a particular effort to identify properly region-specific estimates of recombination intensity cM/kb, resulting in large-scale interpolation generally unfeasible. Accurate estimates of map distances can only be obtained by multipoint linkage analysis using genotype data. Relations among the sex-specific genetic maps proposed so far for PAR1. Different techniques were used for the estimation of recombination rates, three-generation families (FAM) and sperm cell typing (SPR). Samples used: Henke (38 CEPH pedigrees, 11 markers) [12, 13] , Rouyer (8 CEPH pedigrees, 5 markers) [14] , Lien (1912 sperm cells from 4 donors, 9 markers) [15] , Schmitt (900 sperm cells from 2 donors, 4 markers) [16] . Rutgers (42 CEPH pedigrees, 7 markers) [17] . Note that the graphs use a different scale for males and females. Obviously, the maps based on SPR techniques are only available for males.
Genetic Maps for the PARs
A few genetic maps have been proposed so far for the PARs. They have been constructed using the techniques of three-generation families, unrelated individuals or sperm cells to estimate recombination rates [9] [10] [11] . Figure 1 illustrates the relations among the published genetic maps for males and females in PAR1. The genetic maps for males proposed by Lien, Henke and Rouyer seem to be well in agreement for the first 750 kb. The discordance shown by Schmitt's and Rutgers' map could be because of the most telomeric marker still being at a distance of approximately 750 kb from the telomere. After 750 kb, the maps display different tendencies, only Rouyer's map and Henke's map display a similar trend.
The differences among these published maps could be due to a systematic map estimation bias, data errors, or an insufficient number of markers or meioses considered for the estimation of the recombination rate. These differences are less significant when comparing the genetic maps proposed for females. Based on these maps the estimated genetic length of PAR1 varies between 26 and 54 cM in males and between 2.8 and 6 cM in females. There is a very small number of genetic maps proposed for PAR2, and all of them used a poor number of genetic markers, recently reviewed by Flaquer et al. [3] .
It is true that the international HapMap project used a much larger number of genetic markers (1400 SNPs in PAR1 and 140 SNPs in PAR2) to estimate a genetic map [18] . This map was based on the technique of unrelated individuals providing only sex-averaged distances. To be comparable with the other maps, we computed sex-specific map distances using a male/female map ratio of 10: 1 (data not shown). HapMap estimates were lower in respect to the other maps, this could be because using the technique of unrelated individuals is very difficult to estimate accurate sex-specific recombination rates. With this technique a coalescent model of a finite neutrally evolving population with constant population size is assumed which cannot be easily confirmed with empirical data, and only sex-averaged recombination rates can be estimated. We do not present the map here because recently the new genetic map from HapMap phase 3 has become available where the sex chromosomes, and hence the PARs, have been excluded.
Multipoint linkage analysis is the standard tool in the search for genetic variants that predispose to Mendelian and complex genetic diseases, since this method is generally more powerful than single point methods. However, a genetic map is required for multipoint analysis. Misspecification of the genetic map has the potential to severely compromise the estimation and testing procedures used in multipoint linkage analysis. Specifically, loss of power to detect linkage or an increase in the false positive rate, and bias in the disease locus position estimate are possible [19, 20] . Genetic map misspecification could occur from over-simplified models of the biological process of recombination in a genetic region. Notably, variation in recombination rates between males and females indicates that sex-averaged maps omit significant information about sex-specific genetic distances. Due to the high intensity of recombination events in the PARs, a large number of genetic markers should be considered to estimate genetic maps for these regions.
To help to address these issues, we have created a sexspecific genetic map using the technique of multipoint linkage analysis and three-generation CEPH pedigrees (Centre d'Etude du Polymorphisme Humain) to estimate recombination rates, including the largest set, to the best of our knowledge, of genetic markers in PAR1 and PAR2.
Materials and Methods

Genotypes and CEPH Pedigrees
Genotypes for the PARs were obtained from the CEPH genotype database and from the Department of Genetics of the Rutgers University [17] . We selected CEPH pedigrees where pseudoautosomal genotypes were available for three-generation pedigrees. Altogether, 23 and 6 genetic markers were available for PAR1 and PAR2 respectively for a total of 29 CEPH pedigrees. To identify genotypes that lead to non-Mendelian transmission and likely to be erroneous, as well as to search for problematic pedigrees, the PEDCHECK program was used [21] . However, all these genotype data have been previously cleaned, either by the groups who determined the genotypes or by other groups who have used the data. Thus, no Mendelian inconsistencies were found and no problematic pedigrees were detected. Anyway, it is well known that some errors do not show up as Mendelian inconsistencies. Suppose for example that two parents with genotypes 1/2 and 2/3 in a locus give birth to a child with genotype 1/2, but for some error the child appears in the database with genotype 1/3, the child is still consistent with the parents and this error will not be detected as a Mendelian inconsistency. To check for this type of errors a procedure based on recombination events was used. It has been argued whether multiple crossover events could occur within the small PARs. Two studies reported a double crossover event in male meiosis and to date no double crossover event has been reported in female meiosis [16, 22] . In this study we found one double recombination event in male meiosis and seven in female meiosis. The seven double recombination events in female meiosis were regarded as a warning to potential genotype errors. We took a closer look at those events and they all were from seven different individuals within the same family (FAM-66). There was no clear-cut and obvious solution to this problem. The perfect solution would be to regeno-type this family. For the time being we decided to exclude this family from the analysis.
At 
Genetic Markers
The characteristics of the 28 genetic markers (22 in PAR1, 6 in PAR2) used to construct the genetic maps reported in this study are summarized in table 2 . These include the protein coding gene colony stimulating factor 2 receptor alpha , CSF2RA, as well as 19 other microsatellite (STR) markers and 8 SNPs. Locus DXYS225 located in PAR2 is closely linked to the protein coding gene synaptobrevin-like 1 , SYBL1, and locus DXYS227 is very near to the protein coding gene interleukin 9 receptor , IL9R. At the end of PAR1 and thus effectively at the PAB1, sex as a phenotypic marker was added to represent the SRY (sex determiner) gene. For this marker females were denoted as homozygous with alleles 1/1 and males as heterozygous 1/2. Heterozygosity percentages have been calculated from the genotypes of unrelated individuals from the 28 CEPH pedigrees (n = 112). Probes from PAR1: TSC0240426, TSC0240423 and TSC0551442 , and probes from PAR2: TSC0268423 and TSC0897419 were obtained from the Department of Genetics of the Rutgers University. The rest of the probes are publicly available from the CEPH database.
A concerned effort was made to ensure the uniqueness of the markers in both sets. A comparison of marker name alias was used to identify markers that were represented in the data set more than once. Whenever possible, multiple lines of evidence, including comparison of physical positions, were sought to confirm and identify redundancy. These redundancies included only two markers that were identified by alias names. For these duplicated markers the one with a higher call rate was included in the analysis. One marker, DXYS20, matched more than two positions on contig(s) by ePCR. The option Build from CRI-MAP was used to identify the most likely location [23] . With this option the marker is placed in each possible interval between two flanking markers in the map. The resulting orders are then tested for compatibility with the database. Each order not excluded is subjected to a full maximum likelihood estimation. The order having the highest log10 likelihood is found, any order whose log10 likelihood is less than this one by more than a specified tolerance is eliminated. Using this method DXYS20 was placed between GATA151F04 and DXYS78 supporting the location given by Henke et al. [12] . In the end, a set of 23 and 6 loci that, to the best of our knowledge, represent non-redundant loci within PAR1 and PAR2, respectively, were used to estimate the sex-specific genetic map in the PARs.
The physical position of the genetic markers employed in each interval are represented in figure 2 . To improve the accuracy of the maps, the genomic sequence position for the 29 markers were readily identified from the Ensembl Genome browser, the National Center for Biotechnology Information (NCBI) and/or from the dbSNP database.
Statistical Analysis
Genetic markers at the PARs follow the same inheritance pattern as autosomal markers, becoming progressively more sexlinked (i.e. recombination events are becoming more rare between X and Y) as they approach to the PAB. Therefore genetic distances can be estimated with standard techniques and computer programs for linkage analysis. Recombination rates are to be estimated for both sexes separately, since a marked difference in recombination frequency exists between males and females. To establish the genetic maps the software CRI-MAP v2.4 which allows rapid largely automated construction of multipoint linkage [23] . CRI-MAP deduces missing genotypes where possible, and computes a likelihood based only on analysis of the known or deduced genotypes. Once the recombination fraction was estimated for each interval, it was converted into cM applying the identity function. The identity function (1% recombination rate corresponds to 1 cM) has been suggested to be the most suitable mapping function for the PARs [3] . In order to evaluate whether our map is statistically different from previously suggested maps we performed statistical analysis of differences between recombination rates, including pairwise comparisons by a two-tailed Z-test.
Results
The multipoint genetic map for PAR1 was estimated using a total of 23 genetic markers (including the sex marker) and a total of 6 genetic markers for PAR2. For each region 28 CEPH pedigrees were analyzed to estimate recombination rates separately for males and females. In determining the haplotypes of 245 offspring, 112 recombination events in male meioses were observed and 12 recombination events in female meioses. A double recombination event in male meiosis took place in family 13294 for individual 5. This double event was analyzed cautiously for a potential genotype error. We decided to accept it after finding out that this event could be a replication of the double event found by Rappold et al. in the same individual [22] . It was considered a replication after determining that the genotypes came from different labs and were genotyped by different methods. The resulting genetic maps, for PAR1 and PAR2, are illustrated in figure  3 . Black dots represent the estimated genetic map for males, and gray dots for females. A high rate of recombination in female meiosis is seen only at the Xp telomere within the first 100 kb. Within this telomeric region no difference in male and female recombination rates are observed, resulting in similar genetic distances for both sexes. After 100 kb, genetic distances are becoming increas- ingly different between males and females as they approach the PAB1. The estimated length of PAR1 is 55 cM for males and 6 cM for females. On the other hand, PAR2 does not seem to be significantly different in terms of recombination events between males and females, resulting in similar genetic maps. We detected one recombination event in male meioses and none in female meioses. These numbers are in the range suggested by Freije et al. [2] . The resulting genetic length for PAR1 was compared with the genetic lengths provided by each of the previously published maps. We also compared the genetic length in three subintervals of PAR1, close to the telomere ( ϳ 0.9-580 kb), in the middle of PAR1 ( ϳ 580-1628 kb) and close to the PAB1 ( ϳ 1628-2750 kb). Pairwise Z-tests (two-tailed) were used to statistically establish differences in recombination rates. p values from the Z-tests after Bonferroni correction are illustrated in table 3 . When comparing the entire genetic length of PAR1 in males, large significant differences were detected with respect to the genetic lengths suggested by Schmitt and Rutgers ( p Schmitt = 2.6 ! 10 -6 , p Rutgers = 4.9 ! 10 -11
). The significant difference shown in the genetic length suggested by Henke is at border line ( p Henke = 0.04686). The genetic lengths proposed by Rouyer and by Lien did not show statistical differences with respect to the new genetic length although Lien's map displayed a significant shorter genetic length close to the telomere and close to the PAB1 ( p Lien = 3.6 ! 10 -6 , p Lien = 0.00460, respectively). When comparing the genetic length in females the Rutgers' map was the only one to show a slightly shorter length ( p Rutgers = 0.04942).
The map obtained for PAR2 was not statistically compared with the other maps since only one recombination event was detected in male meiosis. This is in the same range as in the already published maps for PAR2 [3] .
The relation between the genetic and physical map of the male and female X chromosomes inferred from this study is represented in figure 4 . The X-specific data is from the study, 'A second-generation combined linkagephysical map of the human genome' [17] .
Discussion
The pseudoautosomal regions of the human sex chromosomes reflect a higher recombination rate per physical length unit compared to the rest of the X chromosome. Using a total of 29 different genetic markers (23 in PAR1 and 6 in PAR2), we generated high resolution maps for the two PARs of the sex chromosomes. While the entire PAR1 may be seen as a recombination hot spot in male meiosis, this is not the case in female meiosis. We obtained on average a recombination frequency 7-fold higher in male meiosis compared to female meiosis. The climax arises close to the PAB1 where the recombination rate is 10-fold higher in males than females. These large differences in recombination rates are translated into different genetic map lengths for males and females. Similar genetic lengths are observed only at the Xp telomere within the first 100 kb. On the other hand, PAR2 does not seem to be significantly different in terms of genetic lengths between males and females. We detected only one recombination event in male meiosis. So far, all studies in PAR2 agree that no crossover events occur in females. However, this should not lead to the conclusion that PAR2 is an 'iced' recombination spot in female meiosis. Indeed, studies with a higher number of meioses are required to see the real behavior of PAR2. It should be mentioned that FAM-66, which displayed double recombinants in all seven children during female meiosis, was excluded from the analysis. In general, apparent double recombination events within short intervals of the genome most likely are the consequence of genotyping problems, although in very rare cases balanced translocations arisen during oogenesis could also cause such haplotype patterns.
To improve linkage analysis methods for complex diseases caused by pseudoautosomal genes, reliable genetic maps in these regions are crucial. Genetic maps increasing in length have been observed in telomeric and subtelomeric regions of different human chromosomes, reflecting a higher recombination rate per physical length unit in these regions, reviewed by Rouyer et al. [24] . PAR1 exhibits these subtelomeric features in a particular way. Genetic maps in males are markedly longer than genetic maps in females, as inferred here from the comparison of male and female recombination events and from multipoint linkage data. The biological process for these differences is not yet well understood, but they exist and should be considered in genetic studies using sex-specific maps instead of sex-averaged maps. The human X chromosome exhibits some peculiarities compared to the autosomes chromosomes since females have two X chromosomes and males only one. Based on our map, it is determined how genetically different, in genetic size, the female X chromosome is from the male X chromosome. The genetic map of the male X chromosome can be considered only where crossovers occur. The genetic length is therefore very short (56 cM) because the X chromosome can only recombine with the Y chromosome in the PARs. The genetic map of the X chromosome in females is much longer because the two X chromosomes can recombine on their entire length, the genetic length is estimated to be about 198 cM. For this reason, the human sex chromosomes cannot be treated like the autosomes when trying to map sex linked genes.
Comparisons between our map and those already published for PAR1 revealed that our map provides statistically different estimates for genetic distances. The genetic maps proposed by Rouyer and by Lien were the only ones that did not display significant differences when comparing the whole PAR1. Nevertheless the latter showed a significant shorter genetic length close to the telomere and close to the PAB1. These differences could be due to the fact that close to the Xp telomere the Lien's estimates are based on only 3 genetic markers while our estimates are based on 11 genetic markers. The same conclusion holds close to the PAB1, this last interval is only covered with 2 genetic markers in Lien's map and 7 markers were used for our estimates. The differences found in the maps suggested by Rutgers and by Schmitt could be due to the lack of genetic markers at the first 750 kb failing to account for recombination events in this regions and resulting then in a much shorter genetic length. Therefore, we conclude that the new sex-specific map presented in this work is based on the largest set of genetic markers in the PARs and thus represents the most accurate resource for obtaining genetic map information for these two regions.
To date, one of the most accurate and widely used genetic maps for the human genome is the Rutgers' map v2. However, this map shows a weakness in the PARs since a low number of genetic markers was considered in these two regions. To the improvement of genetic mapping projects we will integrate our new sex-specific map for the PARs in the Rutgers' map v.2. Although there is still a long way to go for understanding the exact mechanisms and the precise function(s) of the PARs, the new genetic map presented here could be a first step to mapping new pseudoautosomal genes responsible for complex diseases. It is hoped that researches will take these two regions into proper account when performing genome-wide studies. So far, the PARs are effective gaps in genome-wide analyses. In our view, in the context of such efforts, screening for pseudoautosomal linkage should not be neglected.
